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Developing innovative methodologies for disulfide preparation is of importance in contemporary organic
chemistry. Despite significant advancements in nickel-catalyzed reductive cross-coupling reactions for
forming carbon-carbon and carbon-heteroatom bonds, the synthesis of S-S bonds
a considerable challenge. In this context, we present a novel approach utilizing nickel catalysts for the

remains

reductive cross-coupling of thiosulfonates. This method operates under mild conditions, offering

a convenient and efficient pathway to synthesize a wide range of both symmetrical and unsymmetrical
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approach is highly versatile, allowing for the late-stage modification of pharmaceuticals and the

DOI: 10.1039/d45c02969k preparation of various targeted compounds. A comprehensive mechanistic investigation has been
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Introduction

Establishing unsymmetrical reactions for S-S bond formation
holds significant importance in both organic synthesis and
drug discovery.! To date, only limited methods have been
developed for constructing unsymmetrical disulfides using
substrates with different functional groups.>” In the past years
researchers have focused on the reductive cross-coupling of
distinct electrophiles to overcome selectivity problems.
However, the exploration of electrophiles possessing identical
functionalities for efficient S-S bond-forming reactions remains
mainly lacking.®” This difficulty arises from the need to control
the preference for one electrophile over the other and to
circumvent the formation of by-products. To address these
considerations, we have developed an approach based on nickel
catalysis for accomplishing the reductive cross-coupling of thi-
osulfonates. This method enables the formation of symmetric
and unsymmetric disulfides with a remarkable level of
selectivity.

Disulfides play a crucial role in life science,® pharmaceutical
science,” and food chemistry," due to their distinct pharma-
cological and physicochemical properties (Fig. 1). Moreover,
they can serve as natural connectors for creating secondary and
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conducted to substantiate the proposed hypothesis.

tertiary structures in polypeptides and proteins (Fig. 1).**
Consequently, several approaches have been developed to
generate structurally diverse disulfides. However, achieving
their selective and efficient synthesis under mild conditions,
without the need for oxidants, presents specific challenges.

The commonly pursued method involves thiol oxidation
(Scheme 1A, upper left),” necessitates using stoichiometric
oxidants and potentially hazardous and unpleasant-smelling
thiols. Additionally, this methodology occasionally encounters
issues such as overoxidation of the S-H bond. On the other
hand, the substitution of thiolates in the presence of strong
bases is incompatible with sensitive functional groups (Scheme
1A, upper right).® An alternative approach involves the utiliza-
tion of Rh catalysis for the synthesis of aryl-alkyl and alkyl-alkyl
disulfides through a disulfide exchange reaction® (Scheme 1A,
below left). Furthermore, strategies for disulfide modification
have been investigated* (Scheme 1A, below right). Most of these
methods are limited to aryl-substituted disulfide synthesis, the
preparation of starting disulfide reagents usually requires
multiple steps.
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Fig. 1 Selected the disulfide moiety in nature products and drugs.
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A. Traditional approaches for the synthesis of unsymmetrical disulfides
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challenge: cross-selectivity prior to homo-coupling

Scheme 1 Reported methods for unsymmetric disulfides construc-
tion and this work.

Recently, radical disulfuration has gained increasing atten-
tion; the Pratt,**” Ackermann,’ Studer,* and Wang®*™ groups
have demonstrated this radical addition to be a powerful
alternative for the construction of alkyl-alkyl disulfides and/or
acyl-alkyl disulfides (Scheme 1B).?

Despite this progress, a practical and efficient synthetic
route allowing various substitution patterns, including aryl-
aryl, aryl-alkyl, and alkyl-alkyl disulfides, is still underexplored.

Compared to conventional cross-coupling reactions, reduc-
tive cross-couplings offer the advantage of mild reaction
conditions without the need to prepare unstable and expensive
organometallic reagents. This feature allows for improved
compatibility with various functional groups.*”** Nickel-
catalyzed reductive cross-coupling has emerged as a powerful
and appealing method for generating multiple chemical
bonds.® As such, nickel-catalyzed reductive cross-couplings
have received increasing attention for forming carbon-carbon/
hetero atom bonds.">*® Nevertheless, the exploration of other
chemical bond constructions, particularly S-S bonds, remains
relatively limited. This limitation may arise from the challenge
of conducting reductive cross-coupling with two substrates
possessing similar reactivity.® Therefore, we developed
a method to address this problem and access diverse S-S bonds
in a reductive cross-coupling approach with readily available
thiosulfonates (Scheme 1C). This method assembled a wide
range of aryl-alkyl, aryl-aryl, and alkyl-alkyl unsymmetrical
disulfides, making it one of the most versatile approaches for
the preparation of disulfides. The odorless thiosulfonates are
readily available, can be easily stored, and have broad substrate
scopes.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Optimization of the reaction conditions

NiCly+glyme (5 mol%)

Pho /> 6,6"di-Me-2,2"bpy (5 mol%)
/SN-Ph - Ph_ __S.
O/ S Mn (1.0 equiv.) S Ph
: DMF, 1t, 15 h 2

Entry Deviation from standard condition Yield of 2% (%)
1 None 92 (89)°
2 Absence of Ni 29
3 Absence of Mn 30
4 Absence of 6,6'-di-Me-2,2'-bpy 44
5 Ni(COD), instead of Ni(u) + Mn 25
6 1.0 equiv. of Ni(COD), instead of Ni(u) + Mn 86

¢ Reaction conditions: benzenesulfonothioate (0.2 mmol), NiCl,-glyme
(0.01 mmol, 5 mol%), 6,6'-di-Me-2,2"-bpy (0.01 mmol, 5 mol%), Mn
(0.2 mmol, 1.0 equiv.), under N,, GC yield using n-decane (0.1 mmol)
as the internal standard. ? Isolated yield.

We started our investigation with the reductive home-
coupling of phenyl benzenesulfonothioate 1 utilizing NiCl,-
-glyme as the catalyst, 6,6-dimethyl-2,2-bipyridyl (6,6'-di-Me-
2,2'-bpy; dmbpy) as the ligand and Mn as the reductant gave the
desired product 2 in 92% yield (Table 1, entry 1). The impor-
tance of Mn, dmbpy, and Ni(u) in achieving high yields was
confirmed through control experiments (Table 1, entries 2-4).
Further investigations demonstrated that the reaction pro-
ceeded via Ni(0) catalysis, as evidenced by the catalytic amount
of Ni(0) gave 25% yield of the desired product, and the yield was
increased to 86% when 1.0 equiv. of Ni(0) was employed (entries
5 and 6).

We then utilized the optimized reaction conditions to
assemble a variety of disulfides (Table 2). Thiosulfonates with
aryl and alkyl groups reacted smoothly to give the correspond-
ing symmetric disulfides 2-14 in up to 99% yields. The explo-
ration of this transformation led us to identify an efficient
selective cross-coupling reaction to obtain unsymmetric disul-
fide 15-47 (see ESIt for the optimization details) (Table 3).
Interestingly, the addition of 1 equiv. KF increased the cross-
coupled product significantly over homo-coupling (refer to the
ESI, see Table S8t). Benzenesulfonothioates with methoxy,
methyl, and tertiary butyl substituents all underwent smoothly
to afford the corresponding unsymmetric disulfides 16-18 in
moderate to good yield. In addition, when a di-substituted
thiosulfonate could also be employed as a coupling partner to
obtain the product in good yield (19). It is noted that separating
the products is not easy due to the similar polarity of the
products and the side products. However, effective separation
can be achieved by column chromatography using an n-hexane/
ether mixture or n-hexane as the eluent.

The sulfonothioates bearing other alkyl groups also reacted
well in the reaction (20 and 21). Approaches to biologically
relevant methyl-containing disulfides “MeSS-R” moiety are still
limited.**®* However, using our new methodology, 22 was ob-
tained in 58% yield. Furthermore, different functional groups,
such as arenes, cyclopropane, alkyl chloride, ether, and alkyne

Chem. Sci., 2024, 15, 15474-15479 | 15475
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Table 2 Scope of homo-couplings” Table 3 Scope of cross-couplings®
NiCly+glyme (5 mol%) o Ni(BF 4)2°6H,0 (10 mol%)
(e] (¢] i . bpy (10 mol%
NN A _S.__ 66-diMe-2,2-bpy (5 mol%) s h \/S\RW . B \/S\Rz py (10 mol%) R1S~R2
AN o Mn (1.0 equiv,) R-g™ R Ph™ Yy Ph™ Ny Zn (2.0 equiv.), KF (1.0 equiv.) s
° ° DMF, t, 15 h THF, 60%C
Aryl-Aryl Disulfides Aryl-Alkyl Disulfides
s
Meo\©\ S\S/@G\ S\S/{ii\ /@/ \S/<\>6\
S/S s” MeO
\© 15, 7% 16, 60%? 17, 83%°
OMe
S N
2,89% 3,90% /©/ SJde\ /@ S/ﬁs\ Ph/S\s/(%\
c tBu .
18, 60%® 19, 75%b 20, 69%
S/S S/S
s s
\©\ Ph” \s’ﬁg\ Ph s ph SN
cl
4, 85% 5, 99% 21, 61%"° 22, 58%" 23, 657
s
Alkyl-Alkyl Disulfides " \S Ph/s\s/w s
S Ph 24, 48%° 25, 79%° 26, 62%°
ph SN g O Ph/O\/\S/S\/\O/ Ph o
N N N Y
6, 84% 7,87% PR s e Ph” SW ph S pn
27,70%° b e
27", 5 mmol, 65% 28, 56% 29, 67%
s : '
/S N \S/Hn\
s n Aryl-Aryl Disulfides o
OMe
9.n=6,83% Q @(
- EN
8. 77% 10,n=7,83% Seg s
11,n=8,72%
30, 63%° . 31, 65%" /@\
s S s S<g 33, X=Bu, 46%"
\O s” 34, X=Br, 57%" MeO
MeO 35, X= CF3, 55%" 36, 65%"
12, 93%, dr = 1:1 13, 86% 14, 46% Alkyl-Alkyl Disulfides
. " . . S Ph S S
@ Reaction conditions: benzenesulfonothioate (0.2 mmol), NiCl,-glyme PO ~ O g~ o PO ™
(0.01 mmol, 5 mol%), 6,6'-di-Me-2,2'-bpy (0.01 mmol, 5 mol%), Mn ) R ,
(0.2 mmol, 1.0 equiv.), under N,; yields after purification. 37, 55% 38, 87% R
PhO /s\/A
~ g PhO\/\S/S
40, 45%° 41, 48%°
(23-28) could be tolerated. This was also true for the secondary PRO_~ -8 PRO._~ g -SsPh
benzenesulfonothioate (29). To further showcase the utility of a2 4700 45 50%°
 47% , 50%
this approach, a 5 mmol scale-up reaction was performed. The PRO__~ 5P /Q . O
reaction went smoothly to give the desired product 27’ in 65% T pho” > SNg Pho” " s
yield. 44, 50%° 45, 65%" 46, 69%”

Our investigation extended to the exploration of aryl-aryl
disulfide synthesis. Employing the reaction conditions, a range
of substituted aryl thiosulfonates readily engaged in coupling
reactions, affording the respective products 30-36 with isolated
yields spanning from 46% to 65%.

Subsequent to this, a diversity of alkyl-alkyl disulfides 37-46
(vielding 45-69%) were synthesized using various alkyl thio-
sulfonates. Notably, cyclic, acyclic, halogen-substituted alkyl,
and secondary alkyl sulfonothioates were also employed,
yielding the respective products (37-46) with good yields.

Late-stage modification of a drug molecule is of significant
importance in drug discovery. In this context, hypertension
drug captopril was successfully modified to the corresponding
unsymmetrical disulfides in 60% isolated yields (47).

A comprehensive series of mechanistic studies was con-
ducted to elucidate the reaction mechanism (Scheme 2 and
refer to the ESIt). Significantly, in the presence of the radical

15476 | Chem. Sci, 2024, 15, 15474-15479

Natural Product and Drug Derivative
Ph_ _S I\O "
S i Captopril methyl ester
o J-o
o

47, 60%"

“ Reaction conditions: benzenesulfonothioate (black) (0.1 mmol),
benzenesulfonothioate (red) (0.2 mmol, 2.0 equiv.), Ni(BF,),-6H,0
(0.01 mmol, 10 mol%), bpy (0.01 mmol, 10 mol%), Zn (0.2 mmol, 2.0
equiv.), KF (0.1 mmol, 1.0 equiv.), in 1 mL THF under N,; yields after
purification. ” Bpy (0.015 mmol, 15 mol%). °Bpy (0.005 mmol,
5 mol%) and 4'-(p-tolyl)-2,2":6’,2"-terpyridine (0.005 mmol, 5 mol%).

quencher TEMPO, the yield of the desired product markedly
decreased to 12% (Scheme 2a). The radical-clock experiments
were performed using diene 50. The reactions of thiosulfonates
with diene led to the generation of the 5-exo cyclized products

© 2024 The Author(s). Published by the Royal Society of Chemistry
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) TEMPO iment Ph___S
a, experiment ! ~s % nheptyl
° Ni(BF 4),*6H,0 (10 mol%) 15 12%
Ph A pho 0 bpy (10 mol%) e
~e-Phoy S__nheptyl ——————
g s g8 Zn (2.0 equiv.), +
KF (1.0 equiv.) Ph___S_
1 » THF, 60 °C, 16 h S~ "Ph
0.1 mmol 48 (2.0 equiv.) TEMPO (3.0 equiv.) 2 3%
b) Radical-clock experiments Ph
_Ph =0
o I H Ni(BF ;),°6H,0 (10 mol%) o=S,
bpy (10 mol%)
N Zn (2.0 equiv.)
o s KF (1.0 equiv.) EtO,C S
Ny Et0,C CO,Et THF, 60 °C, 16 h \L Ph
Sy EtO,C o
49 50 51
0.2 mmol (3.0 equiv.) HRMS (ESI) m/z Calcd for Co7Hy4NaO;S,*
[M+Nal+: 557.1649 ; found: 557.1638
) Ph
\.-0
29
Pho 4/ H H Ni(BF 4),*6H,0 (10 mol%) o
ST - bpy (10 mol%)
° R w0
EtO,C CO,Et 2 quiv.
2 2 THF, 60 °C, 16 h EtO,C
52 50 53
0.2 mmol (3.0 equiv.) HRMS (ESI) m/z Calcd for CpgHa,NaOgS,*

[M+Na]+: 627.1533 ; found: 527.1536

Ph

\S/S\

d) Ni(0) Vs Ni(ll) experiments n-heptyl
Ni(COD), (10 mol%) 15 10%
o, 9 s bpy (10 mol% ) °
NS~ Y57 n-heptyl
_ Ph 4 P L ——
Ph” \\ Ph” \\ . +
(e} o KF (1.0 equiv)
THF, 60 °C, 16 h Ph_ __S.
1 48 (2.0 equiv.) s” >Ph
0.1 mmol 2 4%
e) o Ni(COD), (1.0 equiv. )
o bpy (1.0 equi
\ S s Py (1.0 equiv. ) Ph s
/\ \/ Ph  + /\\s\’ B — 87 Sn-heptyl
Ph™ % Ph™ Ny KF (1.0 equiv) 15 78%
THF, 60 °C, 16 h
1 +
0.1 mmol 48 (2.0 equiv.) oh s
87 Ph
2 16%
f) The essential role of sulfonothioate
Ph___S
o Ni(BF),*6H,0 (10 mol%) ST e
Ph_ 7 S___PMP (BFala"eHa® (10 Mo
\// L s bpy (10 mol%) 30 43%
o —
2Zn (2.0 equiv.) +
1 ) KF (1.0 equiv.) Ph__S.
0.1 mmol 3 (1.0 equiv.) THF, 60 °C S~ "Ph
2 46%
he S
9 Qs neptyl NEBFOEH0 (10 mot%)  PNg N oy
Ph7 Ph + /S/ bpy (10 mol%) 15 34%
o n-heptyl—S Zn (2.0 equiv) .
1 KF (1.0 equiv.) Ph. _S.
0.1 mmol 9 (1.0 equiv.) THF, 60 °C s Ph
2 10%
Scheme 2 (a) TEMPO experiment (b and c) radical-clock experiments

(d and e) Ni(0) vs. Ni(n) experiments (f and g) the essential role of
sulfonothioate.

51 and 53, respectively. The 51 and 53 were confirmed by HRMS
(Scheme 2b and c). The results showed that both the sulfur and
sulfonyl radicals were involved (Scheme 2a-c). To validate the
participation of Ni(0) in the catalytic cycle, the use of catalytic
amounts of Ni(COD),, instead of the Ni(u) precursor under
standard conditions, resulted in a yield of only 10% of the
desired product. However, employing 1.0 equiv. of Ni(COD), led
to a notable increase in the product yield, reaching 78%
(Scheme 2d and e). It is important to note that the utilization of
a disulfide instead of a sulfonothioate led to a notable reduction
in both selectivity and yield of the product (Scheme 2f and g),
underscoring the pivotal role of sulfonothioates in determining

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 Proposed mechanism.

product selectivity and yield. Based on the mechanistic experi-
ments and reported literature,**** the proposed reaction
mechanism is illustrated in Scheme 3. The Ni(0) species is
generated by in situ reduction of Ni(u) salt by Zn or Mn (A).
Thiosulfonates readily undergo oxidative addition with Ni(0) to
form divalent nickel B. Subsequently, the Ni(u) species B
captures the radical from thiosulfonates yielding C. Interme-
diate C undergo reductive elimination to give the desired
product (cross-coupled/homo coupled) and Ni(1) species (D).
The resulting Ni(1) intermediate reacts with another thiosulfo-
nate and furnishes the intermediate E, which is further reduced
to Ni(0) species A and regenerates the catalytic cycle.

Conclusions

In summary, we have successfully established a nickel-catalyzed
reductive cross-coupling reaction of thiosulfonates, enabling
the selective formation of S-S bonds and the synthesis of both
symmetrical and unsymmetrical disulfides. This trans-
formation has demonstrated exceptional selectivity under
oxidant-free conditions, showcasing a broad substrate scope
that encompasses aryl-aryl, aryl-alkyl, and alkyl-alkyl disul-
fides. The developed methodology offers practical advantages
due to its versatility, generality, and reliance on readily available
thiosulfonates and stable Ni(u) catalysts.

Data availability

All experimental procedures, details of the optimization, and
additional data can be found in the ESL.}
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